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Abstract: Poly-lactide-co-glycolide (PLGA) is one of the few polymers approved by the US 
Food and Drug Administration as a carrier for drug administration in humans; therefore, it is one 
of the most used materials in the formulation of polymeric nanoparticles (NPs) for therapeutic 
purposes. Because the cellular uptake of polymeric NPs is a hot topic in the nanomedicine 
field, the development of techniques able to ensure incontrovertible evidence of the presence 
of NPs in the cells plays a key role in gaining understanding of their therapeutic potential. 
On the strength of this premise, this article aims to evaluate the application of synchrotron 
radiation-based Fourier transform infrared spectroscopy (SR-FTIR) spectromicroscopy and 
SR X-ray fluorescence (SR-XRF) microscopy in the study of the in vitro interaction of PLGA 
NPs with cells. To reach this goal, we used PLGA NPs, sized around 200 nm and loaded with 
superparamagnetic iron oxide NPs (PLGA-IO-NPs; Fe 3 0 4 ; size, 10-15 nm). After exposing 
human mesothelial (MeT5A) cells to PLGA-IO-NPs (0. 1 mg/mL), the cells were analyzed after 
fixation both by SR-FTIR spectromicroscopy and SR-XRF microscopy setups. SR-FTIR-SM 
enabled the detection of PLGA NPs at single-cell level, allowing polymer detection inside 
the biological matrix by the characteristic band in the 1,700-2,000 cnr 1 region. The precise 
PLGA IR-signature (1,750 cm -1 centered pick) also was clearly evident within an area of high 
amide density. SR-XRF microscopy performed on the same cells investigated under SR-FTIR 
microscopy allowed us to put in evidence the Fe presence in the cells and to emphasize the 
intracellular localization of the PLGA-IO-NPs. These findings suggest that SR-FTIR and SR- 
XRF techniques could be two valuable tools to follow the PLGA NPs' fate in in vitro studies 
on cell cultures. 

Keywords: PLGA-NPs, cell targeting, SR-FTIR, SR-XRF, imaging 

Introduction 

Polymeric biodegradable nanoparticles (NPs) are of great interest in the field of nano- 
medicine because of their capability to encapsulate, protect, control, and target the 
active molecules toward a specific site (organ, tissue, cells). 1 These properties allowed 
the polymeric NPs of highly biocompatible materials to become a versatile platform for 
delivering and targeting a large variety of compounds, ranging from small molecules 
to larger macromolecules, such as proteins and oligonucleotides. 2-5 

Among the available polymeric materials, the most widely used are the aliphatic 
polyesters, specifically poly(lactic acid) and poly(glycolic acid) and their copolymer 
[poly(lactide-co-glycolide), or PLGA]. PLGA is a material widely used in drug delivery 
systems because of its biocompatibility and biodegradability into glycolic acid and 
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lactic acid. In general, the preparation methods of PLGA NPs 
are affected by several factors, such as the chemicophysical 
characteristics of the drug to be loaded, the possibility of 
using organic solvents, or the choice of obtaining matrix or 
reservoir systems. The most applied technologies are the 
single-emulsion, 6 " 8 the double-emulsion, 9 " 13 and the nano- 
precipitation procedures. 14 " 18 Recent advances in the design 
of colloidal drug carriers included the modifications of the 
NPs' surface capable of improving the stability, prolonging 
the circulation in the bloodstream, and targeting the active 
molecules toward specific cell populations or extracellular 
matrix components. 1,7 

As in vitro studies are needed for toxicological and pre- 
clinical studies, an important research field is identifying 
suitable techniques capable of allowing the investigation of 
in vitro interaction of NPs with the cells. In fact, conventional 
techniques usually display a limited applicability with nano- 
materials, whereas high-performing microscopy approaches 
request complicated sample preparation procedures. Among 
the different emerging imaging and microscopy techniques, 
synchrotron radiation X-ray fluorescence (SR-XRF) spec- 
tromicroscopy represents a very attractive approach because 
of its capability to map the NPs' distribution in the cells and 
to determine and quantify their chemical composition with 
submicron lateral resolution. 19 Because of the opportunity to 
apply the SR-XRF technique on simply fixed cells, elemental 
mapping allows us to photograph the sample without intro- 
ducing artifacts. This method has already been successfully 
used at the single-cell level to reveal the presence and effects 
of nanomaterials and NPs. 20 ' 21 

Synchrotron-based Fourier transform infrared (SR-FTIR) 
microscopy is another advanced technique that is emerging 
as a useful tool for label-free investigation of biological 
samples, although the intrinsic limited spatial resolution of 
IR spectroscopy could, in principle, reduce its applicability 
to follow NPs at single-cell level. IR spectroscopy is based 
on the absorption of IR beams as a result of resonance 
with vibrational motions of functional molecular groups. 
The major components of biological tissues are proteins, 
nucleic acids, carbohydrates, and lipids, all of which have 
specific absorption bands in the IR frequency domain. 22 FTIR 
microspectroscopy combines IR spectroscopy and micro- 
scopy to determine chemical composition in a small sample 
area. The application of SR as a high-brightness source of 
IR photons has enabled the technique to achieve analysis at 
the diffraction limit (typically, half the wavelength of the 
vibrational frequency) 23 while preserving a high spectral 
quality. Recent reports support the applicability of FTIR 



not only in clinical diagnosis, by detecting disease-related 
alterations of the mayor components in tissues, 22 but also in 
in vitro cell uptake studies of drugs. 24 

As reported in a large number of articles, in biomedical 
fields, 10 NPs are used in both diagnostics; for example, 
as a contrast agent medium in radiological imaging 
techniques 25 and in magnetic resonance imaging as contrast 
agents, 26 especially for liver and spleen. However, the rela- 
tively high toxicity of magnetic NPs restricts the use of these 
materials to human beings. 27,28 

Taking into account this evidence and considering that the 
detection of PLGA NPs at a cellular level is quite difficult, 
we therefore tried to "protect" 10 NPs inside a polymeric 
shield (ie, PLGA NPs) and to achieve a combination of the 
advantages of 10 NPs, in terms of high performance in imag- 
ing techniques, 29 and those of PLGA nano-encapsulation, in 
terms of drug delivery and targeting features. 30 " 32 

In this article, superparamagnetic 10 (Fe 3 0 4 ; size, 10-15 nm) 
was therefore loaded into PLGA NPs (size, 200 nm) by a 
simple emulsion preparation process, and we exploited the 
ability of the application of the SR-FTIR microscopy to 
follow the fate of IO-loaded NPs in vitro at the single-cell 
level. By using PLGA NPs loaded with 10 NPs, we report on 
a correlative microscopic approach by combining SR-FTIR 
and SR-XRF spectromicroscopy on the same cells. 

Materials and methods 

PLGA (50:50 lactide glycolide molar ratio) RG 503H 
(inherent viscosity, 0.38 dL/g) was used as received from 
the manufacturer (Boehringer-Ingelheim, Ingelheim am 
Rhein, Germany). According to the experimental titration 
results of the carboxylic end of the polymers (4.94 mg 
KOH/g polymer), the molecular weight of RG 503H was 
calculated to be 11 ,000 Da. Superparamagnetic 10 NPs 
(10 size, 10-15 nm; saturation magnetization, 43.8 emu/g) 
were purchased from SkySpring Nanomaterials (Houston, 
TX, USA). A Milli-Q water system (Millipore, Bedford, MA, 
USA), supplied with distilled water, provided high-purity 
water (18 £2) for the NPs' preparation. All the solvents were 
of analytical grade, and all other chemicals were obtained 
commercially and used without further purification. 

NP preparation 

NPs were prepared by simple emulsion method 8 " 10 with 
some modifications in the preparation procedures. Thus, 
briefly, to obtain PLGA NPs loaded with superparamagnetic 
Fe 3 0 4 (PLGA-IO-NPs), PLGA 503H (100 mg) was dissolved 
in CH 2 C1 2 (3 mL). Separately, an exact weighed amount of 
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10 ( 1 0 mg) was suspended in CH 2 C1 2 ( 1 mL), using a sonica- 
tion bath (2-3 minutes; Branson Ultrasonics Co., Danbury, 
CT, USA). The PLGA solution and 10 suspension were 
mixed under sonication. Then, a polyvinyl alcohol (PVA, 
molecular weight, 15,000 Da; Sigma Aldrich, Milan, Italy) 
water solution (3% weight/volume [w/v], 8 mL) was added 
under sonication at 55 W for 60 seconds. The obtained emul- 
sion was then poured into 25 mL of a PVA water solution 
(0.3% w/v) and maintained under stirring with a magnetic 
stirrer ( 1 ,000 rpm) for 2-3 hours until the organic solvent was 
completely evaporated. The NPs were purified by five centrif- 
ugations (15,000 rpm for 10 minutes at 4°C; J21; Beckman, 
Palo Alto, CA, USA) to remove the PVA residuals. The puri- 
fied suspension was freeze-dried (Lyovac GT-2; Leybold-Her- 
aus, Hanau, Germany) at -50°C for 48 hours and 5x 1 0 3 Torr 
as pressure, using trehalose (1:1 weight/weight [w/w], Sigma 
Aldrich) as cryoprotectant. 

NP characterization 

Both the size and surface charge of the PLGA-IO-NPs 
were assessed by photon correlation spectroscopy and laser 
Doppler anemometry, using a Zetasizer Nano ZS (Malvern 
Instruments, Malvern, United Kingdom; laser 4 mW 
He-Ne, 633 nm, automatic lLaser attenuator, transmission 
from 100% to 0.0003%, Avalanche photodiode detector, 
quantum efficiency >50% at 633 nm; t=25°C). The results 
were normalized with respect to a polystyrene standard 
solution. 

The morphological observations of the PLGA-IO-NPs 
were performed with a scanning electron microscope (SEM; 
XL-40; Philips, Eindhoven, The Netherlands) operating 
at 8 kV. The PLGA-IO-NPs were washed several times 
with Milli-Q water, and then a drop of the final water sus- 
pension was placed onto a SEM sample holder and dried 
under vacuum (10~ 2 mmHg). The dried samples were coated 
under argon atmosphere with a 1 0-nm gold palladium thick- 
ness (Emitech K550 Super Coated; Emitech Ltd, Ashford, 
United Kingdom) to increase their electrical conductivity. 
The PLGA-IO-NPs were then processed for the evaluation 
of morphology and shape by analyzing images at different 
magnifications (from 13,000x to 16,000x). 

Moreover, negative staining transmission electron 
microscopy (TEM) was used for the evaluation of the 
inner morphology of all batches of NPs. In particular, a 
drop of a water-diluted suspension of the purified NPs 
(about 0.05 mg/mL) was placed on a 200-mesh formvar 
copper grid (TABB Laboratories Equipment, Berks, United 
Kingdom), which allowed to it adsorb, and the surplus was 



removed by filter paper. A drop of 2% (w/v) aqueous solution 
of uranyl acetate was added and left in contact with the 
sample for 5 minutes (initially, we tested different concentra- 
tions of uranyl acetate solution; the condition applied in this 
study was the most suitable for maintaining the integrity of 
the sample during the preparation). The surplus water was 
removed, and the sample was dried at room conditions before 
NPs were imaged with a TEM operating at an acceleration 
voltage of 200 KV (model JEM 2010; JEOL, Peabody, 
MA, USA). 

X-ray energy-dispersive spectroscopy (EDS) was used 
for elemental composition analysis, and samples were 
prepared on a carbon-coated copper grid (Sample Grid Car- 
bonOnly®, 200 mesh [Ted Pella, Inc., Redding, CA, USA]) 
and kept under vacuum desiccation for 6 hours before loading 
them onto a specimen holder. To determine the elemental 
composition and purity of the sample by atom percentage of 
metal, elemental analysis on single particles was carried out 
using EDS attachment equipped with TEM. 

Moreover, we have measured direct current magneti- 
zation as a function of an applied magnetic field of both 
PLGA-IO-NPs and IO. Measurements were performed at 
room temperature by means of a Physical Property Measure- 
ment System AC/DC susceptometer (Quantum Design, San 
Diego, CA, USA). 

Evaluation of the IO content in the NPs 

To determine the amount of IO loaded into PLGA-IO-NPs, 
a weighed amount of PLGA-IO-NPs was treated with 5 mL 
dimethyl sulfoxide for 30 minutes. 33 Then 10 mL HC1 6N 
was added, maintaining the reaction up to 2 hours. The 
resultant solution was diluted with an aqueous solution 
of HC1 (1% w/w). The iron concentration in the solution 
was determined by atomic absorption spectrophotometry 
measurements at 248 nm (SpectrAA-10 plus; Varian, 
Palo Alto, CA, USA). A calibration curve was obtained 
by treating an acidic solution of FeCl 3 (1 g/L) in the same 
conditions. 

10 loading efficiency (%) and IO content (% w/w) were 
calculated by Equations 1 and 2, respectively: 

IO loading 

efficiency (%) = (mass of IO in PLGA-IO-NPs/mass [ 1 ] 
of IO used in formulation) x 100; 

IO content 

(% w/w) = (mass of IO in PLGA-IO-NPs/mass [2] 
of PLGA-IO-NPs) x 100. 
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Cell culture and sample preparation 

MeT5A, nonmalignant transformed human pleural meso- 
thelial cells, were cultured in Roswell Park Memorial 
Institute 1640 medium with 10% (volume/volume [v/v]) 
heat-inactivated fetal calf serum, 2 mM glutamine, 100 U/mL 
penicillin, and 1 00 |lg/mL streptomycin (all from Invitrogen, 
Milan, Italy) in a 5% C0 2 incubator at 37°C. 

To perform in vitro treatment experiments with PLGA- 
IO-NPs, MeT5A cells were seeded at a concentration 
of 8.7x1 0 4 cell/mL onto silicon nitrite (Si 3 N 4 ) 100 nm thick 
windows (Silson Ltd., Northampton, United Kingdom) 
contained in 24 multiwell plates. The day after seeding, 
culture medium was replaced with fresh medium contain- 
ing PLGA-IO-NPs at a concentration of 0.1 mg/mL, and 
MeT5A cells were incubated at 37°C for 16 hours. MeT5A 
cells similarly grown onto silicon nitrite windows, but not 
exposed to PLGA-IO-NPs (untreated cells), were used as 
control. 

After incubation, samples were fixed at room tempera- 
ture with 4% paraformaldehyde aqueous solution (Sigma 
Aldrich) for 20 minutes. Then, samples were washed with 
Milli-Q water before the analysis. 

SR-based FTIR spectromicroscopy 

Spectra of single cells were recorded at the ID2 1 beam- 
line synchrotron (European Synchrotron Radiation 
Facility), 34 using the bending and edge radiations from 
a bending magnet. Spectra were recorded on a Nicolet 
Continuum XL microscope (Thermo Fisher Scientific, 
Waltham, MA, USA) equipped with a 50 mm liquid 
nitrogen-cooled mercury cadmium telluride "A" detec- 
tor, a 32X/NA0.65 Schwarzschild objective, a motorized 
knife-edge aperture, and an XYZ motorized stage and 
coupled with a Nicolet 5700 spectrometer (Thermo Fisher). 
Spectra of a minimum of about five individual cells were 
recorded in transmission between 800 and 4,000 cnr 1 , 
with 128 scans at 4 cm 1 resolution, 15x15 yon aperture 
dimension. At least three cells for each condition were 
mapped with an 8x8 urn aperture dimension and 6x6 ii.m 
step size. 

Chemical maps were created and analyzed with the 
Omnic software (Thermo Fisher) by measuring and plotting 
the intensity of the specific bands of the second deriva- 
tive of the spectra: PLGA, 1,770-1,740 cnr 1 ; 35 amide I, 
1,670-1,625 cm 1 ; lipids, 2,970-2,950 cm 1 . PyMCA 
(European Synchrotron Radiation Facility) and Origin 8.0 
(OriginLab, Northampton, MA, USA) were used for data 
analysis. 



SR-XRF microscopy 

The absorption and phase contrast images, together with the 
low-energy XRF elemental maps, were collected at the TwinMic 
beamline (Elettra Sincrotrone, Trieste, Italy), 36 where the 
incoming monochromatic beam is focused on the specimen 
by means of zone plate diffractive optics. The sample is 
raster-scanned across the X-ray probe, and the transmitted 
X-rays are collected through a fast-readout charge-coupled 
device camera (Andor Technology, Belfast, Northern 
Republic of Ireland), providing absorption and phase con- 
trast images. 37 38 Simultaneously, the X-ray fluorescence 
photons emitted by the specimen were acquired by 8 silicon 
drift detectors located in front of the specimen in an annular 
geometry. 39 - 40 The incident energy was chosen as 1 . 1 keV to 
provide optimal detection of Fe, Na, O, and C, whereas the 
spot size was 600 nm in diameter, which was good enough 
to detect PLGA-IO-NP clusters and provide information at 
a subcellular level. The collected XRF spectra were fitted 
with the PyMCA software. 41 Both cells, exposed and not 
exposed to PLGA-IO-NPs, were analyzed by low-energy 
XRF microscopy. 

Results and discussion 

NP characterization and IO content 

PLGA-IO-NPs were characterized in their physicochemical 
properties in terms of size (21 1+10 nm) and surface charge 
(— 1 1+2 mV). PLGA-IO-NPs showed a good homogeneity, 
as confirmed by the low value of the polydispersity index 
(0. 1 1+0.01). The SEM photomicrographs of the PLGA-IO- 
NPs showed well-structured and well-formed particles with 
a smooth surface without strong evidence of formation of 
aggregates (Figure 1A). 

The results obtained from the study on the encapsulation 
efficiency with the atomic absorption spectrophotometry 
procedure described earlier showed that the loading effi- 
ciency was close to 14% (±2%), which corresponded to 
about 1.5 (±0.8) mg IO per 100 mg PLGA-IO-NPs. This 
result is in line with other previous reports 42 demonstrating 
the ability of PLGA NPs to encapsulate and stabilize the IO 
suspension. 

Moreover, TEM measurements were used to study the 
morphological confirmation of iron NPs. A TEM micrograph 
(Figure 2) showed homogeneous distribution of nearly 
spherical NPs with diameters ranging between 8-12 nm 
(Figure 2, left panel). The composition of the Fe 3 0 4 (IO) 
was confirmed by X-ray EDS microanalysis of the analyzed 
point (10 nm of beam; Figure 2, right panel). The presence of 
Fe and O can be observed, with iron abundance higher than 
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Figure I (A) Scanning electron microscopy image of poly-lactide-co-glycolide iron oxide nanoparticles (NPs). As evident, NPs have a regular shape, regular surface, and good 
homogeneity. (B) Synchrotron radiation-Fourier transform infrared spectroscopy second derivative spectra of ( I ) control cells, (2) cells treated with poly-lactide-co-glycolide 
iron oxide NPs, and (3) poly-lactide-co-glycolide iron oxide NPs alone, showing the 1,750 cm" 1 centered band. 



oxygen signals. Moreover, together with Fe and O ones, the 
copper signal is present because of the grids used for sample 
preparation, in which traces of Cu are present, as reported 
by the manufacturer. 

In addition, PLGA-IO-NP morphology was evaluated by 
TEM imaging (Figure 3). As evident, these polymeric NPs 
were spherical in shape, with delimited contours, but were 
partially superimposed and difficult to analyze. The average 
diameter of PLGA-IO-NPs obtained analyzing TEM images 
was about 250 nm, similar to the result from photon correla- 
tion spectroscopy measurement shown before. Notably, the 
influence of surface charge, slightly negative, led to possible 
aggregation of NPs, as seen in TEM images. This is a result 



of the almost neutral surface charge of NPs and the lack of 
added surfactant (ie, PVA). Thus, it could be hypothesized 
that small aggregates of NPs can interact with the cells. 
In this view, the uptake mechanisms by cells could be different 
with respect to those of single, nonaggregated NPs. 

Considering the microscopical technique adopted, the 
metallic iron and the polymer can be distinguished from 
the corresponding color contrast in TEM images. In fact, 
TEM instruments are able to distinguish the elements 
with higher atomic numbers as signals darker than those 
with lower atomic numbers. 43 In particular, in our images 
(Figure 4), NPs appeared to be formed by lighter and darker 
regions, randomly concentrated. In some PLGA-IO-NPs, 
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Figure 3 Transmission electron microscopy images of poly-lactide-co-glycolide iron oxide nanoparticles. In particular, two different exemplificative transmission electron 
microscopy images are representative of the whole sample in (A, B). Panel C is referring to enlargement of area in the red rectangle in panel B, with higher magnification. 
The points submitted to EDS analysis are indicated with spctr I, spctr 2 and spctr 3. 



we observed regions with a much higher dark contrast, 
suggesting an important concentration of the metal. Then, 
10 NPs seemed stably distributed into PLGA NPs, but they 
seemed to display a tendency to form clusters into the poly- 
meric matrix with a consequent heterogeneous distribution. 
Punctual EDS analysis confirmed this architecture with 10 
NPs loaded into the polymeric matricial structure. In fact, 
close to the signal of carbon, forming the frame of polymer 
constituting the nanocarriers (together with the oxygen and 
hydrogen), EDS spectra indicated the presence of Fe and 



O. Also in this case, the copper peak was detected as an 
interference signal. 

The measurements aiming to assess direct current mag- 
netization as a function of an applied magnetic field of the 
10 encapsulated into PLGA-IO-NPs were compared with 
an equivalent sample of bare 10. The results are reported 
in Figure 5, showing that magnetic behavior of PLGA- 
IO-NPs is not substantially affected by encapsulation into 
PLGA matrix and is not different from the behavior of the 
bare 10 NPs. 
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Figure 4 Energy dispersive spectroscopy spectra of poly-lactide-co-glycolide iron oxide nanoparticles previously analyzed with transmission electron microscopy. Energy- 
dispersive X-ray microanalysis (energy dispersive spectroscopy) spectra were collected from 4 different points of nanoparticles. A is referring to the core of nanoparticles 
while B-D from the outer parts of nanoparticles. 
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Figure 5 Direct current magnetization as a function of an applied magnetic field of the 
poly-lactide-co-glycolide iron oxide nanoparticles and iron oxide bare nanoparticles. 
Measurements have been performed at room temperature by means of a Quantum 
Design Physical Property Measurement System AC/DC susceptometer (San Diego, 
CA, USA). 

Abbreviations: dc, direct current; IO, iron oxide nanoparticles; PLGA-IO-NPs, 
poly-lactide-co-glycolide nanoparticles encapsulating iron oxide nanoparticles. 



These results strongly agree with previous reports. In par- 
ticular, as recently discovered, 44 the encapsulation processes 
did not significantly affect the chemicophysical properties of 
both carriers and IO NPs. Experiments on magnetic relax- 
ation, magnetic hysteresis loop measurements, and viscos- 
ity properties of IO-loaded PLGA NPs 45 confirmed that the 
encapsulation in PLGA NPs did not negatively influence the 
magnetic features of IO NPs. 



SR-FTIR spectromicroscopy 

MeT5a cells grown onto silicon nitride windows and incu- 
bated with PLGA-IO-NPs (0. 1 mg/mL) were analyzed under 
the SR-FTIR set-up by collecting single-point spectra for 
cells (aperture dimension of 15x15 urn). Figure IB shows 
the second derivative analysis of a control cell (spectrum 1), 
of a cell treated with PLGA-IO-NPs (spectrum 2), and of 
a PLGA-IO-NP solution alone (spectrum 3) placed onto a 
transparent silicon nitride window. PLGA-IO-NPs clearly 
showed a specific band at 1,750 cnr 1 corresponding to the 
carbonyl ester bond of the PLGA already reported in the 
literature. 33 In the controls, a band centered at 1,740 cm -1 , 
because of the absorption of the carbonyl of the phospholipid, 
is present. This band clearly differs from the PLGA-IO-NPs' 
carboxyl band, which is absorbing at higher wave numbers 
with a much higher intensity. 

MeT5A cells, incubated with PLGA-IO-NPs at a con- 
centration of 0.1 mg/mL, were mapped using SR-FTIR 
(Figure 6), and local SR-FTIR spectra were recorded at the 
subcellular level (Figure 6B-D, F-H). Chemical maps at 
the single-cell level were generated by measuring and plot- 
ting the intensity of a specific band for protein (amide I), 
lipids, and PLGA-IO-NPs. Maps were plotted using the 
second derivative of the spectra (maximum absorption is 
represented in blue, and minimum absorption in red). The 
maximal intensities of amide I and lipid plot allowed us to 
recognize the bulge corresponding to the nucleus, both in the 
treated and untreated cells. The characteristic signature of the 
PLGA band (Figure IB, 3) was found only in the cells treated 
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Figure 6 Chemical imaging using Fourier transform infrared spectroscopy on single cells. (A, E) Light microscope images of a control cell (square dimension, 42x63 jam) 
and a cell treated with nanoparticles, respectively. (E) Box delineates the area analyzed by Fourier transform infrared spectroscopy (square dimension, 42x63 [lm). Chemical 
imaging for the presence of lipids, proteins (amide I), and poly-lactide-co-glycolide are shown in a control cell (B-D) and in a cell incubated with poly-lactide-co-glycolide iron 
oxides nanoparticles (F-H). (I) Merge image of the visible light and Fe map from X-ray fluorescence analyses of the cell (E), revealing the iron oxide presence. The red box 
indicates the area analyzed by Fourier transform infrared spectroscopy, whereas the black one indicates the X-ray fluorescence area. 
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with PLGA-IO-NPs, suggesting a plasma membrane and/or 
cytoplasmic localization. These signals were not observed 
in untreated cells (Figure 6D). 

SR-XRF spectromicroscopy 

Figure 7 shows the results of SR-XRF microscopy analyses of 
two representative cells: a control cell (Figure 7 A) and a cell 
exposed to PLGA-IO-NPs (Figure 7B). The selected energy 
allowed us to map light elements, including characteristic 
constituents of the cell material, such as C, O, and Na atoms, 
and to compare their distribution with that of Fe atoms, 
loaded into the PLGA-IO-NPs. Indeed, the elemental map of 
Fe of the control cells does not show a significant signal and 



distribution, suggesting that Fe concentration in this sample is 
below the detection limits of the TwinMic LE-XRF system. 
In contrast, the Fe signal is clearly visible in the cells exposed 
to PLGA-IO-NPs, and its distribution nicely correlates with 
some dark clusters appearing in the corresponding absorption 
image. O and Na signals have a quite similar distribution, 
whereas the C signal seems to have a slight increase in some 
high-absorbing regions of the nucleus. In the cells exposed 
to PLGA-IO-NPs, some high spots in C and O atoms could 
correspond to high amounts of PLGA-IO-NPs, although they 
cannot be used to precisely localize the PLGA-IO-NPs. The 
distribution and intensity of Na do not seem to be affected 
by the presence of the PLGA-IO-NPs. Figure 6K reports 
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Figure 7 Absorption (Abs) and phase contrast (PhC) images of a control cell (A) and a cell treated with nanoparticles (B), with corresponding elemental maps of C, O, Fe, 
and Na. Analyzed areas: control cell (44x44 fim) and exposed cell {40x44 |lm). The scales to the right of the figures refer to the intensity counts. 
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the Fe map of the cell in Figure 6E. The XRF analyses have 
been performed after the FTIR experiments. The iron signal 
is clearly compatible with the PLGA map and supports the 
presence of the NPs on the cell membrane and possibly 
intracellularly. 

Conclusion 

In vitro studies are fundamental to demonstrating the cell- 
specificity of engineered PLGA-NPs. However, conventional 
techniques usually display a limited applicability, requiring 
specific procedures for the sample preparation, which could 
lead to artifacts. As SR-based FTIR spectromicroscopy could 
be considered an attractive technique for bioimaging at a 
cellular level, in this article, we combined IR spectromi- 
croscopy with XRF microscopy to determine the chemical 
composition in a small sample area, thus allowing the intra- 
cellular identification of nanocarriers. As shown, we loaded 
PLGA NPs with 10 NPs (10-15 nm), obtaining PLGA-IO- 
NPs, which allowed us to take advantage of both SR-FTIR 
spectromicroscopy and SR-XRF microscopy. 

As recently reported, 46 PLGA NPs encapsulating mag- 
netic 10 represent a significant advancement in the aim of 
translating magnetic resonance imaging-based cell track- 
ing to the clinic. Several benefits of this strategy could be 
described as the large amounts of 10 that NPs encapsulate and 
the advantage of having a US Food and Drug Administration- 
approved polymer matrix. In this view, the idea of combin- 
ing the best aspects of magnetic NPs with biodegradable, 
biocompatible, and nanosized PLGA NPs would represent 
an innovative strategy for coupling both magnetic and drug 
delivery aims. Remarkably, the possible double use of PLGA 
NPs encapsulating 10 NPs plus a pharmacologically active 
drug (ie, albumin or anticancer agents) 42 - 47 - 48 could open the 
way to new insight and therapeutic/imaging approaches with 
good translatability. 

The results from SR-FTIR and SR-XRF analyses obtained 
after exposure of MeT5A to PLGA-IO-NPs allowed us to 
retrieve useful correlative outputs on NPs' intracellular 
fate on the same single cell. The two synchrotron methods 
are attractive for biological studies. They are both label-free 
techniques requiring only minimal treatment of the sample 
during its preparation. SR-FTIR imaging is completely 
nondestructive but is limited to micrometric resolution, as the 
smallest synchrotron beam size is in the range of 3-5 mm. 
For higher-resolution requirements, SR-XRF can provide the 
elemental distribution at submicron spatial resolutions, but 
because it is based on illuminating the sample with X-ray 
photons, it can induce radiation damage. This damage mainly 
appears on biological samples as mass loss and shrinkage, 



especially when exposed to high radiation doses. More 
important, the main drawback of the imaging synchrotron 
techniques is the limited access to the synchroton facilities 
due to overbooking applications, which does not allow large 
series of samples to be analyzed. However, the combined 
approach we present serves to provide information that could 
be the base for more-conventional analyses. 

Even if pharmaceutical nanotechnology (and its appli- 
cation to medicine) is aiming both to individuate novel 
therapeutic approaches for difficult-to-treat pathologies, such 
as central nervous system disorders, 49 - 50 and to implement 
the possibility of diagnosis or detection, 51-53 an important 
role has to be dedicated to the intracellular dynamics and 
the intracellular trafficking of nanocarriers, as it is a hot topic 
in the nanomedicine field. Aiming to highlight the intracellular 
fate of nanocarriers requires novel and specific technologies 
for assessing nanoscopic grades of analysis and detection; 
therefore the findings of this research underlined the useful- 
ness and potentiality of the application of these advanced 
spectroscopic and imaging techniques (particularly the nonde- 
structive FTIR technique) to study NP localization in vitro. 
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